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ABSTRACT
We have examined the structure and DNA sequence of a human

genomic locus that consists of a large hypervariable region made
up of repeats of a simple sequence. With several restriction
enzymes, the locus shows many restriction fragments that vary
quantitatively as well as qualitatively. Other restriction
enzymes produce only a single, high-molecular-weight fragment at
this locus. Almost all of the fragments are revealed with a
simple sequence probe. Southern transfers of the high-molecular-
weight restriction fragments produced by the restriction enzymes
NotI and SfiI, resolved by pulsed-field gel electrophoresis, gave
at most two fragments, demonstrated to be allelic, showing that
the majority of the restriction fragments seen in the complex
patterns are at a single locus. The estimated size of the region
homologous to the probe varied from 250 to 500 kilobases. DNA
sequencing indicated that the region consists of tandem repeats
of a 40-base-pair sequence. Some homology was detected to the
tandem repeating units of the insulin gene and the zetaglobin
pseudogene hypervariable regions, and to the "minisatellite" DNA
at the myoglobin locus.

INTRODUCTION

It is a general feature of organization in the eukaryotic
genome that single-copy DNAs are interspersed with repetitive DNA

sequences (1). In the human, several kinds of repetitive DNA

families, each with a unique length and DNA sequence of repeating
unit, a different copy number per genome and a different
organization in the genome, have been already reported (2-6). For

example, the AluI sequences are ubiquitous (3 X 105 copies per

genome) and interspersed throughout the human genome. They occur

with an average spacing of some 10kb and are known as short

interspersed sequences (SINEs)(3).. In contrast, elements of the

KpnI family, fewer in number, are interspersed at longer
distances from each other and are called LINEs (long interspersed
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sequences)(4). Another group of repetitive sequences, the alphoid
DNA family that is homologous to the alpha component in the

African green monkey (5), has been reported to have 55,000 copies
per haploid genome (6). This family has been divided into many

subgroups, each of which is considered to be chromosome-specific
and is estimated to exist in 100 - 2000 copies per haploid
genome(6-8).

The function of repetitive sequences has been widely
discussed (7-13), but remains unclear. However, the alphoid
family is suspected of having an important role in chromosomal

structure or function because of its unique genomic organization

(6,7,14,15).
Very short clusters of tandem repeats of a simple sequence

have also been characterized in the human genome; at some loci,
the number of copies of the short repeat varies within the

population (16-18). Polymorphic loci of this kind are designated
"minisatellites" or hypervariable regions. These "minisatellite"
loci as well as some "satellite" DNA loci have been suspected as

hot spots of homologous recombination (14,16).
In this paper, we describe yet another form of repetitive

sequence: "midisatellite" DNA, which consists of some 250 - 500

kilobases of repetitive DNA that is clustered at a single locus
and shows a highly polymorphic pattern in the population.

MATERIALS AND METHODS

DNA sources and cosmid library
Genomic DNAs were isolated from lymphocytes or lymphoblast

cell lines as described elsewhere (19). The human genomic cosmid
library was a gift from Drs. Y.F.Lau and Y.W.Kan (20). Oligo-
nucleotides were provided by Dr. R. Gesteland.
Pulsed-field gel electrophoresis

To a suspension of 1.2 x 108 lymphoblast cells in 1.5 ml of
PBS (0.14M NaCl, 5mM KC1 and 20mM phosphate tpH7.5J), 1.5 ml of
1% low-melting-point agarose (FMC Bioproducts) containing 10mM
Tris.HCl (pH 7.4), 100mM NaCl, and 100mM EDTA at 420 C was added.
The gently mixed solution was poured onto a glass plate. After

solidification, the agarose was cut into pieces of approximately
45 1; each piece was expected to include 10g of human high-
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molecular-weight DNA. These pieces were incubated 1-2 days at

370C in 10mM Tris HC1 (pH 8.0), 1% (w/v) sodium lauroyl

sarcosine, and 0.45mM EDTA including 1 mg/ml of ProteinaseK
(Sigma). The agarose pieces were washed twice in TE (10mM

Tris.HCl [pH7.4], lmM EDTA), and three times in TE-4 (10mM

TrisHCl [pH 7.4), 0.1mM EDTA) for 2 hr. Each 45 1 of agarose was

digested overnight in 250 ,nl of reaction mixture under the

conditions specified by the manufacturers of the enzymes (EcoRI:
Boehringer Mannheim; SfiI and NotI: New England BioLabs), with
the addition of 5 mM spermidine. The agarose plugs were loaded

into a 1.5 % agarose gel, and the electrophoresis was done at

130C, 1OV/cm under the following conditions: EcoRI--30 sec pulse

time for 20 hr; SfiI--40 sec pulse time for 24 hr; NotI--40 sec

pulse time for 24 hr (21). For molecular standards we used

ligated lambda phage DNA.

Southern transfer and colony hybridization
After electrophoresis, DNAs were transferred to nylon

membranes according to (22). Colony transfer was done according
to (23). Hybridization was carried out in 50% formamide, 5 x SSC

(1 x SSC = 0.15 M NaCl and 0.015 M Na Citrate), 50 mM NaPO4, 1 x

Denhardt's solution (0.02% bovine serum alubumin, 0.02%
polyvinyl-pyrrolidone and 0.02% Ficoll), 100 mcg/ml of salmon

sperm DNA, and 1 x 106 (Southern blot) or 1 x 105 (colony
hybridization) cpm/ml of 32-P dCTP-labeled probe(24). Washing was

done twice for 30 min in a solution of 0.1 % SSC, 0.1 % SDS at

650C.
DNA sequences

In order to identify highly polymorphic DNA marker loci, we

screened a human cosmid library with a 14-base oligonucleotide
(ACAGGGGTGAGGGG) derived from the insulin gene (16) according to

a protocol described elsewhere (25). This oligonucleotide is the

consensus sequence that, tandemly repeated, is responsible for

multiallelic polymorphism at the insulin locus (16). One of the

positive cosmid clones was designated YNI10. A plasmid, pYNI10.4,
was obtained by incorporating the 2.0 kilobase HindIII fragment
of cosmid YNI10 into the HindIII site of pBR322.

We used the 2.0 kb HindIII fragment from pYNI10.4 as a

probe to screen a cosmid library. One of the positive clones was
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Figure-1. Southern blot of genomic DNA hybridized with pYNIlO.4.
DNAs were isolated from six unrelated individuals (here
designated 1-6; M marlker lane). Exposure time was 4 hours. (From
White et al., in Cold Spring Harbor Symposium on Quantitative
Biology 51, The Molecular Biology of Homo Sapiens. Used by
permission).

designated THIZ4l; the 0.7 kb and 0.5 kcb MsgpI fragments from
this cosmid were also isolated and subcloned into N13 mp8 and

mp9. The sequencing reactions were carried out with 32P"dCTP (New
England Nuclear) according to Sanger (26). A 17-base primer was

purchased from Boehringer Nannheim, and deoxy- and dideoxy-
nucleotides were supplied by P-L Biochemicals.

RESULTS

Southern transfer of RYN1O.4
Southern transfers of human DNA from six unrelated

individuals, hybridized with pYNI10.4, are shown in Fig. 1. These
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Figure 2. Southern blot of high-molecular-weight DNAs hybridized
with pYNI10.4. DNAs were digested with SfiI(a) or NotI(b); 4
hours' exposure.

patterns, the same as those obtained with the whole cosmid as a

probe, were visible with an intensifying screen after only four

hours' exposure at room temperature. DNAs digested with MspI,

TaqI, RsaI, or PstI showed a complex and polymorphic pattern of

bands. Digestion with these enzymes also showed a number of

fragments of constant size. The sum of the molecular sizes of

these bands is more than 100kb; furthermore, many of the

fragments of constant length are present in multiple copies and
show quantitative variation. On the other hand, no polymorphism
could be detected when DNAs were digested with HindIII or BamHI

(data not shown), because the size of the resulting fragments was

at the limiting mobility of the gel under our conventional
electrophoretic conditions. EcoRI gave the same patterns as BamHI

or HindIII, except for the presence of several additional,
smaller bands like those produced by digestion with BglII.

In an attempt to determine if this complex pattern of

fragments reflected a number of loci with high sequence homology
scattered throughout the genome, we screened the human genomic
cosmid library with the 2.0 kb HindIII fragment insert of

pYNI10.4. We obtained 80 positive clones per haploid genome.

When digested with BamHI and EcoRI, only five of the 80 cosmids

showed the presence of a restriction site, suggesting the
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presence of uninterrupted tandem repeats of a simple sequence and

preventing us from determining the origin of specific cosmid

clones.

Pulsed-field gel electrophoresis
In a second approach to determine whether these repetitive

sequences are scattered throughout the genome or located at a

single locus, we prepared high-molecular-weight DNA and performed
pulsed-field gel electropholesis as described in MATERIALS AND

METHODS. Figure 2 shows the results of a Southern transfer of

DNA digested with SfiI(2-a) or NotI(2-b), revealing only one

(apparent homozygote) or two (heterozygote) bands. These high
molecular weight bands also show polymorphism. The estimated
size range of the fragments was 250 to 500 kb for SfiI and 450 to

700 kb for NotI.
DNA seauences at the midisatellite locus

We determined the DNA sequences of three fragments

derived from two different cosmids. One was the 2.0 kb HindIII
fragment of cosmid YNI10, which has many HindIII or BamHI

recognition sites; the other two, which corresponded to the very

dark 0.6 and 0.8 kb MspI bands in Figure 1, were isolated from

cosmid THIZ41 which has no HindIII, BamHI or EcoRI recognition
sites in human sequences. Figure 3 shows DNA sequences from

these three fragments, involving almost 1400 base pairs of DNA.

Suprisingly, all of the sequences we determined consisted of

repeats, with some internal variation, of a simple sequence. The
size of the repeating units varied from 37 to 43 base pairs, with
an average length of 40 base pairs. There are some substitutions
among the repeating units, but each has 67.5-95% homology to the

consensus sequence, which we consider to be

CCTGGGGGTGTGGGTGCTGCTCCAGGCTGTCAGATGCTCA. Within the consensus

sequence, two parts (TGCTGC and TCAGATGCT) are well conserved

(89-100%), and between these regions there is a variable
region(AGGCTG) which maintains only 61-81% homology with the

consensus sequence. Figure 4 compares the sequence at the I10.4
locus with the sequences of the repeating units of the insulin
gene (19), the zetaglobin pseudogene (17) and the myoglobin
"minisatellite" sequence (18). These tandem sequences have some

homology to the repeating units of the other loci; GTGGG, for
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5 10 15 20 25 30 35 40
core sequence CCTGG GGGTG TGGGT GCTGC TCCIA GTGT CAGAT GCTCA

I-1 ----- ----- --A-- ----T ----- ----- --A-- -----

2 ----- ----- ---A- ----- ----- ----- ----- ----G
3 -A--- ----- ---C- --G-- ----- ----- -T--- -----C
4 -T--T ----- ----- ----- ----- A-CA- ----- --G-GCA
5 A---- ----- A--A- --CAT G-G-T --G-- ----- ---ACC
6 AT--- -----T----- ----T ----- ----- ----- -----CC
7 AT--- -----CA---- ----T----- ----- ----- -----

II-1 -T--- --C-- ----- ----- ----A -T--- ----- ----CC
2 TTA-- CT---A---- ----- ----C ----- ----- ---ACT
3 ----- ----- --ACAGA---- ----- ----- ----- ----G
4 ----- -T--- A--CA *---- ---T- A--C- -C--- -----

5 ----T --T-- -A--- ----- ----- ATCA- ----- -----

6 ----- ----- ----- ----- ----- -T--- ----- -----

7 --AT- --C-A ----- ----- ---CT -T--A ----- -----

III-1 --C-- T-A-- ----GT---CT ----- ----- -----T----
2 ----- --T-- ----- ----T ----- ---C- ----- -----

3 ----- --T-- -C--- ----- ----- -A--- ----- ----T
4 ----- ----- -A-G- ----- ----- T----
5 --GT- TC--- ---T- ----- -G-G- ----- ----- -----

6 ---T- ----TG----- ----T----- ----- ----- ----G
7 *-A-- --T-- ------ TGT T-G-- ----- ---G-
8 *--T- ---AC ----- ---T -GGT- ----- ----G

IV-1 ----- *---- *-C- - ---C- -A--- ----- ----T
2 ---A-G-
3 ----T -C*-- ---T- ----- G-G- ----- ----- -----

4 ----- --T-- ----- ----T ---CAG----- ----- ----G
5 -A--- --T-- ----CT---- --TGT T-G-- ----- ---*G
6 ----- --C-- ----- ----- ----T -GGT- ----- ----G

V-1 --- ----C -G--- ----T
2 -----G----- ----- ----- ----T --G-- ---C- ----*
3 ----------C----- ----- --TG- ----- ----- T----
4 -T--T -CT-- ----- ---A- -G-G- ----- ----- -----

5 ----- A-T-C ----- ----T -T--T ----- ----- ----G
6 -A--- --T-- ----- ---C- GTTC- -***- ----- ----G
7 -A--- --*-- ----- ----- ----T -AGT- ----- ----G
8 -A--- --A-- ----- ----- ---G- -AGT* -----

Percent 82 89 86 86 91 91 89 80 67 69 100 97 100 51
the same as 68 89 54 86 80 100 74 86 81 77 92100 97
consensus 86 86 97 94 89 94 94 61 69 94 97 89 86

Figure 3. DNA sequence of three fragments of the "midisatellite"
family. I and II: partial sequences of 0.6kb of the MsRI fragment
of cosmid THIZ41; III and IV:partial sequences of 0.8kb of the
MspI fragment of cosmid THIZ41; V: partial sequence of 2.2kb of
the HindIII fragment (=pYNI10.4) of cosmid YNI10. Core sequence:
the DNA sequence most often found in sequenced regions. The
sequence underlined is the variable portion. -:identical to the
core sequence. *: deletion of the sequence.

example, is common to all four kinds of sequences. We named the

I10.4 locus a "midisatellite" because it is similar to the

"minisatellite" loci in containing tandem repeats of a simple
sequence, but considerably larger. To confirm that the core

sequence was included within all bands shown in Figure 1, we

synthesized a 40-base-long oligonucleotide corresponding to the

consensus sequence and used it as a probe for Southern transfers.

The oligonucleotide gave the same result as that seen in Fig. 1.
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CORE SEQUENCE A CQI IGiQI?I?TGCTGCTCCAGGCTGTCAGATGCTC
INSULIN A I GI TGTGGGG

1111111 111111
111-7 ACAGGGG TTGTGGGTGC

CORE SEQUENCE ACCTGGGGGTGTGGGTGC^ *TGCTCCAGGCTGTCAGATGCTC
11111 II IIIZETAGLOBIN GTG GG-GCACAGGCTGTGA
11111 I 11111II

IV-6 GTGGGTTCAGATGCTGCCT
CA

CORE SEQUENCE ACCTGGGGGTGTGGGTGCTGCTCCAGGCTGTCAGATGCTC
I 11111 iii I

'MINISATELLITE' GGAQTGGGQ *CAGGAAG

CHI GCTGGTGG
CORE SEQUENCE ACCTGGGGGTGTGGGTGCTGCTCCAGGCTGTCAGATGCTC
'MINISATELLITE' GGAGGTGGGCAGGAAG
INSULIN ACAGGGGTGTGGGG
ZETAGLOBIN GTGGGGCACAGGCTGTGA

Figure 4. Comparison of DNA sequences between the repeating unit
of the "midisatellite" and other repeat sequences, including
lines III-7 and IV-6 from fig. 3. See text for explanation.

Is this locus inherited in a Mendelian fashion?
We examined the inheritance of this locus, using DNAs

isolated from one pedigree. Figure 5 shows the results of
Southern blotting after pulsed-field gel electrophoresis. The
locus was inherited in Mendelian fashion, and the sizes of the
alleles within the tested sibships were estimated to be 325kb and
350kb.

DISCUSSION
We have described here a repetitive DNA sequence

"midisatellite" which shows a restriction fragment band pattern
that is highly polymorphic, both qualitatively and

quantitatively. This is the first report of a VNTR (Variable
Number of Tandem Repeat) locus (25) of this molecular size (250 -

500 kb). We suspect that all or most of this locus consists of
repeats of a simple sequence, because hybridization with a 40-
base core oligonucleotide reveals the same complex pattern in a
Southern transfer as hybridization with the whole cosmid DNA.
Other sequences, however, could be interspersed within these
repeats.

Jeffreys et al. (18,27) suggested that a "minisatellite"
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Figure 5. Southern blot of the high-molecular-weight DNAs with
pYNI10.4; 5 hours' exposure. DNAs were isolated from individuals
of one kindred and digested with EcoRI. The genotypes of
individuals in the three-generation family are shown directly
below their symbols in the pedigree.

repeat might be a signal for recombination, because of its highly

polymorphic "fingerprint" pattern, its sequence similarity to the

chi sequence of lambda phage, and the high mutability observed at

one of the "minisatellite" loci. Waye and Willard have also

suggested homologous unequal crossing-over between or within

high-order repeats in the alpha satellite of chromosome 17(7,14).

We have demonstrated that the core sequences of the

"midisatellite" locus bear some homology to those of the

repetitive sequence of the insulin gene (16) and the zetaglobin

pseudogene (17). In particular, we suspect that the sequence

GTGGG, which is common within at least four different kinds of

repeating units and is similar to the lambda chi sequence, may

have a role in recombination. However, any mechanism that results

in the amplification or diminution of tandem repeats at this
locus could produce the same result as recombination.

The repetitive DNA families such as the AluI family, the

KpnI family, or the Hinf family are dispersed throughout the

genome (2,4,12). Only the alphoid family is believed to be

confined to specific genomic regions (5,15,28-30). The

"midisatellite" family reported here appears to be a cluster at
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one locus near the telomere of the short arm of chromosome 1

(M.Litt, personal communication). The genomic organization of the

"midisatellite" thus differs from the other repetitive families

or "minisatellite" loci reported before, with respect to copy

number, the size of the locus, and its extremely polymorphic
pattern.

Two different perspectives have arisen that could account

for human highly repetitive DNA sequences. One is that they are

parasitic DNA and have no genomic function (9,10). The other is

that the repeating sequences have an important role in

chromosomal structure or function (31,32). In particular,the
alphoid DNA family has been implicated in this regard due to

chromosomal specificity of its members and to its location in

centromeres (5,15,28-30). We have no direct evidence that the

"midisatellite" DNA family reported here has a significant
genomic function. However, because the same fragment sizes are

conserved during evolution in spite of showing a highly
polymorphic pattern, and because this "midisatellite" is found

at only one locus, we speculate that it may have an important
chromosomal function, such as the recognition of a homologous
region at meiotic pairing.
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